The development of the neuromuscular synapse depends on signaling processes, which involve protein phosphorylation as crucial regulatory event. The muscle-specific kinase (MuSK) is the key signaling molecule at the neuromuscular synapse whose activity is required for the formation of a mature and functional synapse. However, the signaling cascade downstream of MuSK and the regulation of the different components is still poorly understood.
INTRODUCTION
The formation of the neuromuscular synapse (NMS) is crucially linked to signal transduction events induced by the receptor tyrosine kinase (RTK) MuSK. MuSK is activated by the heparansulfate proteoglycan agrin (1). Agrin is produced by motor neurons and deposited in the basal lamina of the synaptic cleft. Agrin does not bind MuSK directly but interacts with Lrp4, a member of the LDL receptor family (2, 3) . Upon binding, the Lrp4/MuSK complex presumably undergoes a structural rearrangement that leads to dimerization and subsequent autophosporylation of MuSK. The resulting activation of the MuSK kinase induces a signaling cascade leading to the formation of the NMS including postsynaptic differentiation characterized by the accumulation of acetylcholine receptors (AChRs) at synaptic sites and presynaptic differentiation as depicted by the development of active zones (4) . Consistent with this model, agrin, MuSK and lrp4 mutant mice fail to form NMSs and consequently die at birth due to respiratory failure (5) (6) (7) . Levels of AChR expression are normal, but very few nerve-muscle contacts (in agrin -/-mice) or no contacts (in MuSK -/-and lrp4 -/-mice)
are accompanied by AChR clusters or other postsynaptic specializations. In addition, motor axons continue to grow and fail to form arborized nerve terminals. Agrin, MuSK and Lrp4 also regulate the distribution of other synaptic proteins like acetylcholinesterase, rapsyn, neuregulin-1 and its receptors, the ErbBs. These proteins, usually concentrated at NMSs, are uniformly distributed in muscle from mice lacking either agrin, MuSK or Lrp4. Likewise, genes, which are normally transcribed selectively in nuclei underlying NMSs, are transcribed equally in synaptic and non-synaptic nuclei of muscle in these mice.
Lrp4 lacks a kinase domain and its role as potential docking molecule remains so far controversial (2, 3, 8) . In contrast, the crucial role of MuSK kinase activity and MuSK scaffolding ability has been demonstrated in numerous experimental approaches: (1) expression of MuSK mutants with a defective kinase domain inhibits agrin-induced AChR clustering (9); (2) tyrosine kinase inhibitors block agrin-induced AChR clustering (10); (3) specific residues in the MuSK cytoplasmic domain, in particular a NPXY motif in the juxtamembrane region, are required for downstream signaling (11, 12) ; (4) several molecules including scaffolding proteins, adaptor proteins, kinases and phosphatases have been identified that are downstream of MuSK (13) .
These results together with the above-mentioned data put MuSK at the center of signal transduction events that result in the formation of mature and functional NMSs. Despite the description of several targets of MuSK signaling, the current depiction of the agrin-Lrp4/MuSK signaling axis still remains incomplete (13) . In particular, the temporal and spatial regulation of MuSK signaling during NMS formation is unknown.
Here, we used quantitative phosphoproteomics to study the dynamics of MuSK signaling. We identified 203 phosphopeptides, representing 152 unique proteins, which are at least two-fold up-or downregulated. These peptides fall into different clusters according to their temporal profile. In addition, clusters are enriched for specific protein classes or pathways. We found an overrepresentation of cytoskeletal proteins, which sustain and extend data demonstrating that cytoskeletal rearrangements and dynamics are crucial for MuSK-dependent AChR clustering.
EXPERIMENTAL PROCEDURES

Antibodies and reagents
The following antibodies were purchased from commercial sources: anti-phosphotyrosine PY99
(Santa Cruz), PY-100 (Cell Signaling) and anti-AChR β (Sigma-Aldrich). Antibodies against the extracellular domain (Ig1-2) of MuSK were produced in rabbits (Diederichs and R. Herbst, unpublished data). Antibodies against the C-terminal sequence of MuSK were described previously (11) . Biotin-conjugated α-bungarotoxin (α-BGT) was obtained from Invitrogen (Carlsbad, CA, USA). Horseradish-peroxidase-coupled secondary antibodies were purchased from Jackson ImmunoResearch. Streptavidin and Protein A agarose beads were obtained from Novagen and Pierce, respectively. Soluble neural agrin (isoform A4B8) was prepared from transiently transfected HEK 293T cells as described in Herbst & Burden (11) .
Cell culture C2 myoblasts were propagated and differentiated into myotubes as described previously (14) .
Immunoprecipitation, AChR pulldown and immunoblotting C2 myotubes were starved for 2 h in DMEM followed by stimulation with agrin for 15, 60 or 240 min. Cells were lysed in RIPA buffer (1% triton X-100, 0.1% SDS, 0.5% sodium deoxycholate, 20 mM HEPES pH 7.4, 150 mM NaCl, 2.5 mM EDTA) supplemented with protease (1 µg/ml leupeptin, 1 µg/ml pepstatin, 1 µg/ml aprotinin and 0.2 mM PMSF) and phosphatase inhibitors
(1 mM sodium orthovanadate, 50 mM natrium fluoride, 5 mM sodium molybdate, 5 mM sodium pyrophosphate and 1 mM beta-glycerophosphate). Cleared lysates were precipitated with polyclonal affinity-purified antibodies directed to MuSK (C-terminus). The next day protein A agarose (Pierce) was added for 1-3 h, the beads were washed three times with lysis buffer and precipitated protein complexes were subjected to SDS-PAGE. AChRs were isolated from cleared lysates as described previously (15) . Following SDS-PAGE proteins were transferred to PVDF membrane (Millipore). The membrane was incubated overnight with anti-PY antibodies,
anti-MuSK (extracellular domain) or anti-AChR β antibodies. After 1 h incubation with secondary antibodies, signals were detected by chemiluminescence (Roche) on a ChemiDoc XRS+ System (Bio-Rad, Hercules, CA, USA).
Sample preparation and digestion
Agrin-induced C2 cells were washed with cold PBS and lysed in 50 mM HEPES pH 7.5, 5 mM EDTA, 150 mM KCl, 10% glycerol, 1% triton X-100, 1 mM DTT, 20 mM beta-glycerophosphate, 10 mM sodium fluoride, 1 mM sodium orthovanadate, 1 µg/ml leupeptin, 1 µg/ml pepstatin, 1 µg/ml aprotinin and 0.2 mM PMSF. Protein lysates were passed through a 27G syringe needle, IMAC beads were washed 10 times using 400 µl IMAC loading buffer and twice with 5% ACN, 0.1% FA. The first two washes were pooled with the flow through of the IMAC enrichment.
Peptides were eluted from the IMAC resin with 4x 100 µl NH 4 OH. The eluate was set to a pH of 2 using 10% FA and stored at -80°C until the unification with the SCX was performed on an UltiMate 3000 nanoLC system (Thermo Fisher Scientific) equipped with a 25 cm x 1 mm Polysulfoethyl-A (3µm) column (PolyLC) at flowrate of 25 µl/min. The sample was applied to the column and separated with a combined pH and salt gradient from 100% buffer A (5 mM NaH 2 PO 4 , pH 2.7, 15% ACN) at 10 min, 10% buffer B (5 mM NaH 2 PO 4 , pH 2.7, 1 M NaCl, 15% ACN) and 50% buffer C (5 mM NaH 2 PO 4 , pH 6, 15% ACN) at 90 min, 25% buffer B and 50% buffer C at 100 min, 50% buffer B and 50% buffer C at 105 min, 50%
buffer B and 50% buffer C at 120 min, 100% buffer A at 125 min. Following 5 min of flowthrough, 130 fractions were collected (1 minute/fraction) and stored at -80°C. The SCX gradient for whole proteome analysis was from 100% buffer A at 10 min, to 10% buffer B and 50% buffer C at 40 min, 25% buffer B and 50% buffer C at 50 min, 50% buffer B and 50% buffer C at 55 min, 50% buffer B and 50% buffer C at 70 min, 100% buffer A at 75 min. Here 70 fractions were collected (1 minute/fraction) and stored at -80°C. used to generate the decoy database and append contaminants (18) , 101726 sequences in total. Oxidation of methionine, phosphorylation of serine, threonine and tyrosine were set as dynamic while methylthio-cysteine and iTRAQ at the N-terminus and lysine were specified as fixed modification. Trypsin was defined as proteolytic enzyme, cleaving after lysine or arginine except when followed by proline, and up to two missed cleavages were allowed. A mass tolerance of 7 ppm was set for precursor ion tolerance. The fragment ion tolerance for HCD and CID spectra was set to 0.03 and 0.5 Da, respectively. Reporter ion intensities were extracted in Proteome Discoverer from the closest Centroid mass within an integration tolerance of 5 mmu.
PhosphoRS (version 3.0) was employed to determine the localization of phosphorylated residues (19) . Phosphosites with a site probability above 75% were regarded as confidently localized. Only peptide spectrum matches (PSMs) with search engine rank one and a minimum peptide length of eight amino acids were exported.
Bioinformatics analysis
The R environment (version 2.14.1, www.R-project.org) was used to analyze, plot and cluster the data. PSMs originating from HCD and CID scans were filtered separately to achieve an overall False Discovery Rate (FDR) of 1% on peptide level. PSMs with an isolation interference of more than 25% were removed to avoid ratio distortion. The entire data set was converted in ibspectra format and imported to Isobar to derive a common protein grouping across phosphopeptide-enriched and global proteome sample (20, 21) . Based on this protein grouping, protein regulations in the flow-through sample were calculated (Supplemental Fig. S1 and supplemental Table S1 ) and used to correct peptide ratios determined on the phosphopeptide enriched sample. Both analyses were also performed using Isobar, which allows to determine the statistical significance of protein/peptide regulation based on reporter intensity (Supplemental Fig. S2 ). Phosphopeptides of proteins that were not quantified in the flowthrough sample were left unchanged. Reporter log-ratios were normalized to a median of zero per channel, corresponding to a 1:1 ratio between channels. Phosphopeptides that were regulated at least two-fold and found significantly regulated in Isobar with a P value of less than 0.05 after Benjamini-Hochberg correction were subjected to k-means clustering (22 1A) . A consequence of MuSK activation is the tyrosine phosphorylation of AChR β subunits.
Accordingly, AChR β showed a strong and sustained tyrosine phosphorylation (Fig. 1A) .
For MS analysis we stimulated C2 myotubes with agrin for 15, 60 or 240 minutes (Fig. 1B) .
Unstimulated cells were used as reference sample. Cells were lysed and the samples prepared as described in the Experimental Procedures section. Peptides were stably isotope-labeled with iTRAQ isobaric reagent, mixed, loaded on a TiO 2 column and phosphopeptides were eluted.
Enriched phosphopeptides as well as the unphosphorylated flow-through were subjected to high resolution strong cation exchange (SCX) chromatography fractionation to reduce the complexity of the samples followed by LC-MS/MS.
Samples were analyzed using a hybrid CID/HCD acquisition scheme (29) . Acquired spectra were searched against a concatenated target/decoy murine UniProt database using Mascot (17) . Spectra were FDR filtered to an FDR of 1% at peptide level. Quantification of peptides was inferred by reporter ion intensities recorded in HCD scans only and transferred to the corresponding CID scan identifications.
Grouping peptides in the phosphopeptide-enriched sample allowed the quantification of 15533 peptides based on sequence and confidently localized phosphosites (phosphoRS>75%) in Isobar (Supplemental Table S1 ). 10183 (66%) had at least one confidently localized phosphosite. Whole proteome analysis of the phosphopeptide enrichment flow-through allowed the quantification of 3867 protein groups (Supplemental Table 1 ). Determined protein ratios were used to correct phosphopeptide regulation for changes in protein abundance with the builtin functionality of Isobar. The distribution of phosphorylated residues among serines (86%), threonines (13%) and tyrosines (0.95%) is similar to what has been reported earlier (30) .
Among the more than 10000 quantified phosphopeptides, 203 were regulated more than twofold in at least one time-point with reporter ion intensities found significant in Isobar at a level of P<=0.05 after Benjamini-Hochberg correction (Supplemental Table S1 ). These regulated peptides originate from 152 distinct proteins. Submitting phosphosites of the 203 regulated phosphopeptides to Motif-X (24, 25) revealed two motifs that were significantly enriched among the regulated phosphoserine residues ( Fig. 2A) .
Temporal MuSK and AChR phosphorylation
MuSK tyrosine phosphorylation sites have previously been mapped to Y553, Y576, Y750, Y754
and Y755 in vitro and in vivo (31). Y553 represents the major phosphorylation site in MuSK accounting for more than 50% of all phosphorylation events (32) . Likewise, phosphopeptides carrying Y553 were detected in this quantitative MS analysis (Fig. 2B ). Y553 was rapidly and transiently phosphorylated. Phosphorylation peaked at 15 minutes (17-fold induction) and was reduced close to basal level at 240 minutes. Similarly, we detected upregulated phosphopeptides of the AChR β and δ subunits (Fig. 2B) . Borges & Ferns have previously reported that Y390 in AChR β is phosphorylated in response to agrin (33) . We found the same site phosphorylated, displaying a temporal regulation with a peak at 60 minutes (six-fold induction) and a sustained phosphorylation even at 240 minutes. AChR δ phosphorylation showed a similar temporal regulation (eight-fold induction at 60 minutes). The site of phosphorylation was mapped to Y393. Several other phosphosites were identified but their appearance was not altered by agrin stimulation.
We also detected a MuSK phosphopeptide carrying S678 phosphorylation. This site has previously been mapped using in vitro phosphorylated MuSK (31) . Our quantitative analysis demonstrated a stable phosphorylation that is not regulated by agrin stimulation. In addition we identified a novel phosphorylation site on S751. This site was removed from the quantitative analysis due to high isolation interference. Nevertheless identification and site localization could be achieved with high confidence (Supplemental Fig. S3 , phosphoRS site probability 99.8%).
Cluster analysis of the MuSK signaling network
Grouping the 203 regulated phosphopeptides into four clusters by k-means clustering (22) revealed different temporal regulation patterns of the underlying phosphosites (Fig. 3A) .
Therefore, phosphopeptide fold changes were log-transformed and normalized to their respective maximum absolute value before clustering (see also Experimental Procedures).
Resulting clusters allowed to discriminate groups of phosphopeptides responding to agrin Our data now implicate phosphorylation as an important regulatory event during their cooperative action in the formation of AChR clusters.
To our surprise, we find a strong enrichment of proteins involved in RNA posttranscriptional modifications for Cluster 3 (Fig. 3B ). This unravels a function of MuSK signaling in the regulation of gene expression, which has not been characterized so far (Fig. 4C ).
Aiming to further delineate the signaling downstream of MuSK stimulation we sought to identify which kinases induce phosphorylation changes observed in Cluster 2 and consequently trigger these effects on the actin cytoskeleton. Therefore we further analyzed the phosphomotifs within Cluster 2 using Motif-X and identified an SP motif (Fig. 5A ). Interestingly this SP motif is significantly enriched in Cluster 2 as it is based on 23 motif hits in Cluster 2 compared to 25 motif hits of the closely related SP motif in Figure 2A that was derived on the entire data set of regulated phosphopeptides. Although the minimum number of occurrences in Motif-x was lowered to 10, it was not possible to extract significant motifs for the other clusters. Subjecting regulated phosphosites as kinase substrates to NetworKIN (26) reveals an enrichment of cdk5, CKII and p38-MAPK kinase families in Cluster 2 (Fig. 5B ).
DISCUSSION
Induction of MuSK kinase activity and subsequent downstream signaling represent crucial events during the formation of the NMS. This suggests that direct and indirect phosphotargets of MuSK signaling activity critically regulate the molecular mechanisms during NMS formation. We therefore used a muscle cell culture model system to identify and characterize the phosphoproteome during NMS formation. Here we show that activation of MuSK induces the phosphorylation of a large set of proteins with a distinct temporal manner of regulation. The phosphorylation of 152 different proteins was at least two-fold up-or downregulated. Grouping them according to their temporal phosphorylation rate produced four distinct clusters. These clusters cannot only be distinguished by their phosphorylation kinetic but also by their characteristic content of specific protein classes. In particular, we find an overrepresentation of proteins involved in cytoskeletal rearrangements in the cluster of proteins responding early to agrin stimulation, which consolidates the current opinion that synapse formation requires a variety of cytoskeletal changes and adjustments. Furthermore, our results suggest that MuSK also targets mechanisms, which lead to post-transcriptional modifications.
Tyrosine phosphorylation is by far the least abundant type of phosphorylation accounting for about 1-2% of all phosphorylation events (30) . In comparison, serine and threonine phosphorylation have a relative abundance of 80-90% and 10-20%. Consistent with these reported numbers, we find similar relative abundances for phosphotyrosine, phosphothreonine and phosphoserine (1%, 13% and 86%, respectively) in agrin-treated samples. Indeed, we were able to identify MuSK Y553, AChR β Y390 and AChR δ Y393. Y553 is the major phosphorylation site in MuSK and the tyrosines in AChR β and δ are also prominent since AChR subunits are abundant in muscle cells (31, 32) . However, proteins like Dok-7, Crk or Src (40, 41) that are known to be tyrosine phosphorylated downstream of MuSK were missing in our data set. Using an IMAC approach to characterize global phosphorylation events favors the enrichment of phosphoserine and phosphothreonine peptides since MS analysis of complex samples is biased towards more abundant peptides and is therefore prone to miss phosphotyrosine peptides, which occur at low abundance (42) (43) (44) . This challenge can be overcome by immunoprecipitations using antibodies against phosphotyrosine to specifically enrich tyrosine phosphorylated peptides or proteins. Therefore, a modified phospho-enrichment protocol, which includes an immunoprecipitation with anti-phosphoytrosine antibodies in combination with TiO 2 -based IMAC is necessary to achieve a complete picture of Proteomics approaches have been used to examine the proteome in diseased muscle (62) . In particular, numerous studies performed proteomic profiling in neuromuscular diseases (63).
Puente and colleagues used phosphoproteomics to identify phosphoproteins and kinases during the differentiation of muscle cells (64, 65) . Proteomics was also used to characterize neuromuscular proteins from torpedo electric organ, which identified several new components with potential signaling function but failed to identify essential components like Lrp4 and MuSK (66) . An approach to isolate secreted muscle proteins that are involved in neuromuscular synapse formation had limited success due to technical restrictions (67) . Our study is the first The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE partner repository (68) with the dataset identifiers PXD000558 and PXD000878. (26) shows an overrepresentation of several kinase families in Cluster 2 compared to Cluster 1, 3 and 4 (other).
